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graphene (24.3 wt%), the conductivity of as-prepared fibers is as high as 150 S m-1 (more than two orders 
of magnitude higher than the highest conductivity achieved for any type of nanocarbon-PLGA composite 
fibers) reported previously. Moreover, the Young's modulus and tensile strength of the base fiber are 
enhanced 647- and 59-folds, respectively, through addition of graphene. 
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The development of electrically conducting fibers based on known cytocompatible materials 
is of interest to those engaged in tissue regeneration using electrical stimulation.   Herein, we 




containing spinnable Poly Lactic-co-Glycolic Acid (PLGA) dopes can be made possible. This 
helps us extend our general understanding of the mechanics involved in order to deliberately 
translate the intrinsic superior electrical and mechanical properties of solution-processed 
graphene into the design process and practical fiber architectural engineering. The as-
produced fibers were found to exhibit excellent electrical conductivity, and electrochemical 
performance, good mechanical properties, and cellular affinity. At the highest loading of 
graphene (24.3 wt. %), the conductivity of as-prepared fibers was as high as 150 S m
−1 
(more 
than 2 orders of magnitude higher than the highest conductivity achieved for any type of 
nanocarbon-PLGA composite fibers) reported previously. Moreover, the Young’s modulus 
and tensile strength of the base fiber were enhanced 647- and 59-folds, respectively, through 
addition of graphene.   
1. Introduction 
Fabrication of biomimetic tissue scaffolds containing electrically conducting components is 
essential to exploit the use of electrical stimulation during tissue regeneration 
[1-7]
. The 
conducting scaffold should also mimic the mechanical and topological environment of the 
targeted tissue or organ 
[8]
. Construction of conducting scaffolds, which can satisfy all of the 
mentioned criteria, is an ongoing challenge. Addressing such a challenge lies in the design 
process. As such, the first step is to employ a polymer which can mimic natural extracellular 
matrix (ECM) to match the mechanical properties of the surrounding tissue and display 
biochemical cues that influence cell behavior. The FDA approved poly lactic-co-glycolic acid 
(PLGA) is well known to be biocompatible through the copolymer composition, it has 
tunable mechanical properties and the biodegradation rate can be adjusted 
[3, 5, 9-11]
. Here we 
introduce electrical conductivity to the PLGA fibers, while maintaining or enhancing other 




A range of organic conductors such as conducting polymers, carbon nanotubes and graphene 
have been utilised to induce electrical conductivity and electrochemical activity in different 
biomaterials 
[12-17]
. Conducting polymers, although very useful, suffer from instability in 
some environments, some pH dependent conductivity, and challenges in material processing 
and device fabrication 
[18, 19]
. The application of carbon nanotubes has been restricted due to 
toxicity issues, arising from cellular uptake and induced oxidative stress to cells 
[20-22]
 as well 
as agglomeration during processing. On the other hand, graphene based materials have had a 
profound impact in the biomedical field thanks to their excellent electrical conductivity, high 
mechanical strength, ease of functionalization with biomolecules, ability to induce electrical 
conductivity to biopolymers and facile processing 
[22-27]
. Graphene has also been shown to 
increase cell proliferation 
[28]
 and is able to be excreted from the body through the renal 
system, phagocytosis and endocytosis indicating its suitability for implantation 
[29-32]
. It has 
been demonstrated that graphene-based polymer composites provide much more improved 




The properties of graphene needed for electrically conducting composites requires a tailored 
approach for processing and production 
[36-39]
. Among the various graphene production 
methods, liquid-phase processing shows unrivalled advantages, in terms of yield, cost and 
processability over other methods, which makes it an excellent choice for composite 
production 
[40]
. The liquid-phase processing method deals with the exfoliation of powdered 
graphite to provide graphene derivatives in a liquid by either chemical oxidation or solvent 
exfoliation. Oxidative exfoliation of graphite results in a processable, but, non-conducting 
form of graphene, the so-called graphene oxide (GO) 
[23]
. GO-based composites are favorable 
when the target is to improve the mechanical performance, although the inherent conductivity 
of graphene can be partially restored 
[35, 41-47]




for the exfoliation process to give graphene in the liquid phase (monolayer and few layers) 
without any additional oxidation step or defect formation 
[48]
.  
However, there are some obstacles in practical exploitation of the exceptional electrical and 
mechanical properties of graphene in PLGA-based ECMs. The main challenge is to induce 
electrical conductivity and improve the mechanical performance of the whole structure 
simultaneously, while preserving the inherent chemistry, biocompatibility and 
cytocompatibility of the original PLGA 
[46, 49]
. Moreover, the ability to construct 3D 
structures (e.g. fibers,) to mimic the natural topological environment of the biological tissues 
should also be conceived 
[16, 50]
.  
In the present paper, the solvent exfoliation process, reported previously 
[48]
,  has been 
modified through the use of thermally expanded graphite (EG, pre-exfoliated graphite) as the 
starting material instead of natural graphite powder. The choice of starting material (EG or 
graphite powder), solvent used and sonication times are investigated to obtain graphene 
dispersions with good stability and electrical properties. The high concentration of stable 
graphene dispersions and the preservation of electrical properties have been exploited to 
make highly conducting PLGA-graphene composites. With the aid of rheological 
understanding, wet-spinnable formulations with high loadings of graphene were prepared and 
utilized for wet-spinning to obtain highly conducting and strong PLGA-graphene fibers. The 
cytocompatibility of the fibers was examined in vitro against skeletal muscle myoblast 
(C2C12) cells. 
2. Results and discussion 
2.1 Production of processable graphene  
Graphene layers are stacked parallel on top of each other with a d-spacing of 3.34 to 3.37 Å 
via van der Waals interactions in natural graphite. Although the attractions among layers are 




exfoliated to single graphene sheet difficult. In order to obtain graphene, solvent molecules 
must be able to diffuse between graphene layers to overcome the van der Waals interactions. 
Successful solvent exfoliation of graphite depends on several parameters including the source 
of graphite, the solvent used and the processing conditions 
[48, 51-54]
. In the method used here, 
graphite was mixed with organic solvent followed by mild sonication. In order to increase the 
quality of the dispersion (higher fraction of single layer graphene) and to remove the non-
exfoliated graphite, centrifugation was applied 
[48]
. 
2.1.1. Solid state exfoliation of graphite 
With the aim of enhancing the efficiency of the solvent exfoliation process, the initial spacing 
between the layers (in the graphite intercalated compound (GIC) precursor) was increased by 
thermal expansion at elevated temperature (1050 
o
C for 15 sec). Thermal expansion of 
graphite facilitated the production of graphene oxide and resulted in much more efficient 
exfoliation of the GO sheets 
[26, 55-58]
. At such a high temperature, solid-state exfoliation takes 
place, due to a rapid gasification and decomposition of intercalated compounds such as 
sulphur groups, building up high pressure between the layers that exceeds the van der Waals 
forces holding the graphene sheets together 
[57]
. As a result, the intercalated graphite flakes 
are transformed to an expanded worm shape structure (Figure 1a) with much higher spacing 
between the edges of the layers as shown in the SEM image. These open edges can therefore 
enable the facile diffusion of solvent molecules resulting in much more efficient exfoliation 
compared to their graphite counterpart. 
2.1.2. Solvent exfoliation of graphite 
For two-dimensional nanomaterials, surface energy can serve as a direct reference for the 
material solubility of the solvent of choice 
[51, 59]
. As suggested by Hernandez et al.
[51]
, in 




that of the graphite. It has been demonstrated that the most effective solvents to disperse 




. Amongst the different 
organic solvents which are reported to be effective for solvent exfoliation of graphene, N-
Methyl-2-pyrrolidone (NMP) 
[54, 60]
 and Dimethylformamide (DMF) 
[61]
 (with surface 
tensions of ~ 41.1 mJ/m
2
 and 37.1 mJ/m
2
, respectively) have been shown to be the most 
effective solvents. Therefore, they were considered for the liquid phase exfoliation of 
graphite to graphene in the current study. In addition, cyclohexyl-pyrrolidone (CHP), which 
was found to be the most efficient solvent for the debundling of single walled carbon 
nanotubes (SWNTs) (surface tension of 38.8 mJ/m2) 
[62, 63]
 was also considered for the 
solvent exfoliation process.  
Figure 1b shows EG dispersions in CHP, DMF and NMP after 8 h bath sonication. The 
dispersions were then left overnight to be tested for stability. Neither DMF nor NMP 
exfoliated EG successfully. In the case of DMF, the particles remained almost intact, while, 
using NMP resulted in fine graphite particles that settled at the bottom of the vial overnight, 
leaving the supernatant colorless. On the other hand, the dispersion in CHP was stable with 
minimal particle precipitation overnight. 
Optical microscopy was employed to evaluate the quality of the dispersed graphene (Figure 
1c-e). In the case of DMF, large graphite pieces were observed after the sonication process. 
Using NMP, the graphite particles were smaller, but still clearly visible under the optical 
microscope. On the other hand, CHP resulted in a dispersion of very fine particles (Figure 1e). 
Afterwards, the non-exfoliated graphite particles were removed by mild centrifugation (1000 
rpm for 45 min), giving a homogeneous and clear dispersion (Figure 1f). It should be noted 
that, while the graphene dispersion in CHP was black, under the optical microscope it looked 




precipitation of particles was observed for the centrifuged sample, even after being left to 
stand for one month. 
Although, both NMP and DMF had been reported to be very effective solvents for the 
exfoliation of graphite to graphene 
[53, 54, 64]
, our results showed that they were ineffective for 
the exfoliation of EG. We believe that this discrepancy was due to the change in the surface 
chemistry of the EG after the thermal treatment at 1050 
o
C. GIC contains a portion of 
impurities and defects in its structure. The thermal treatment removes the impurities and 
restores most of the sp
2
 bonds, which can significantly alter the surface chemistry. 
Comparing Raman spectra and XRD pattern of the graphite before and after the thermal 
treatment (Figure 2a and b) can shed light into this evolution of structure. The Raman spectra 
of the natural graphite present three sharp peaks, from 1000 to 3000 cm
-1
, as follows: the D 
band at 1325 cm
-1
, G band at 1582 cm
-1 
and 2D band at 2691 cm
-1
. The G band corresponds 
to phonons at the Brillouin zone centre 
[65]
. The D band is either due to breathing modes of 
sp
2
 rings or carbon bonds of sp
3
 nature (present at the edges or functional groups) 
[65, 66]
. 
Graphite (before the treatment) has a significant D band confirming the presence of many sp
3
 
bonds. In contrast, no defect-induced peak (D band) was observed at the spectra of the EG 
due to thermal treatment at high temperature. Moreover, the XRD pattern of the EG was 
significantly sharper than that of graphite, indicating the presence of a more crystalline 
structure. Furthermore, the XPS spectra of the EG (Figure 1, c) shows a predominant peak of 
carbon-carbon bond within the graphitic structure and a very weak signal for C-O bonds. The 
absence of functionality in the surface of the EG made the surface chemistry entirely different 
compared to the GIC. This finding suggests that CHP is a more suitable solvent for dispersing 
low defect crystalline graphite either in the form of SWNTs 
[62]
 or thermally expanded 




Transmission electron microscopy (TEM) was carried out to analyse the exfoliated material 
dispersed in CHP. Careful examination of the edges of a graphene flake at high resolution 
showed that the dispersion contained a mixture of monolayer graphene (Figure 3) and 
multilayers. Electron diffraction patterns also proved the presence of monolayers 
[67]
. The 
images in Figure 3 a and b are TEM images and electron diffraction patterns taken from what 
appears to be a graphene monolayer and in Figure 3 c and d as graphene multilayers. 
Raman spectra of the exfoliated graphene provide some insights into the exfoliation process. 
It can be seen in figure 4 that the 2D peak in the EG consists of two peaks (2D1 and 2D2), 
attributed to Bernal stacking of the graphite. In contrast, after the exfoliation, the 2D2 peak 
disappeared due to the turbostratic nature of the graphene. It is known that the 2D peak in the 
graphene is a single sharp peak, but, it starts to split as the number of layers increases 
[66]
. 
Here, the shape of the 2D band supports the production of electronically decoupled single 
layer graphene 
[68]
, while the TEM analysis showed a mixture of monolayer and few layers. 
Therefore, even though some of the sheets are not entirely exfoliated to monolayer graphene, 
they no longer show the Bernal stacking of the original graphite as they are electronically 
decoupled. 
2.1.3. Increasing the concentration of graphene in the solvent 
In order to achieve high loadings of graphene in a polymer matrix (e.g. PLGA), high 
concentration of graphene in the solvent is required. Higher loading of the filler means higher 
conductivity and better mechanical performance of the composite 
[46, 69, 70]
. The concentration 
of dispersed graphene was measured by UV-Vis as a function of sonication time and is 
plotted in Figure 5 (Figure S1 show images of the aliquots). We found that as sonication time 
was increased, more graphene was dispersed up to the highest concentration at ~5.0 mg/ml 
(0.5 wt. %) after 96 hr sonication (yield of ~ 50%). This concentration was significantly 




obtained after much longer bath sonication time (460 h) 
[54]
. This concentration was also 
higher than most of the reported values for liquid phase exfoliation of graphene (see Table 
S1). As was speculated earlier, the solid-state exfoliation of the graphite (thermal expansion) 
facilitated the solvent diffusion between the layers and enabled facile exfoliation of graphene. 
Thus, the solid-state exfoliation was the key factor in achieving high concentrations of 
dispersed graphene using much less sonication time. The use of the exfoliation process helps 
us achieve very pure defect-free graphene dispersion, which is evident from the Raman 
spectra of both graphite and expanded graphite provided in Figure S2. This, in turn results in 
a Raman D/G intensity ration (a measure of defect content) of 0.35, which is an indication of 
the high quality of the as-prepared material. It should be noted that, in most commercial 
products, this ratio is around 0.65 or higher 
[71]
. 
It is worth noting that the graphene sheet sizes as a function of sonication time reached a 
plateau after the first 24 h (Figure S3, SEM survey). From this point onward, the average 
diameter of the sheets (the diameter of a circle with an equal area) did not decrease to less 
than ~ 800 nm. It means that, after reaching a certain lateral sizes (i.e. ~ 800 nm), the 
sonication process resulted in more exfoliation of graphene sheets rather than breaking them. 
The Raman study was also in agreement with the SEM observation as the ratio between D 
and G bands (ID/IG) increased significantly during the first 24 h before levelling (Figure S2). 
The increase in D band was due to the formation of more edges, which means smaller sheet 
sizes.  
 
2.2 Wet-spinning of graphene- PLGA biomimetic fibers  
The spinning solutions were prepared by dissolving the required amount of PLGA into the 
graphene stock dispersion. Using this method, it was possible to systematically control the 




concentration of PLGA in the spinning solution should result in high mass fraction of 
graphene in final fiber and consequently better electrical conductivity and mechanical 
performance. Figure S4 compares optical microscopy images of the graphene dispersion and 
PLGA-graphene composite. Optical microscopy images confirmed that there were no 
agglomerations after the production of composite formulations for the wet-spinning process. 
In order to determine the minimum concentration required for the wet-spinning process, the 
viscosity of the solutions was evaluated against their concentration and spinnability. Figure 6 
compares the viscosity of PLGA and PLGA-graphene composite solutions as a function of 
solution concentration and their spinnability. The results showed that the lowest viscosity 
required for the wet-spinning of PLGA fibers was 0.023 Pa s, corresponding to a PLGA 
concentration of 2.5 wt. %. Addition of the graphene positively improved the viscosity due to 
van der Waals interactions between the functional groups on the edges of the graphene sheets 
and the hydroxyl groups of PLGA. Comparing the viscosities of the wet-spinnable PLGA 
with the viscosity of the PLGA-graphene solutions, suggests that the minimum concentration 
of PLGA in the composite formulation should be 1.5 wt. %, when the viscosity is high 
enough to promote continuers fiber spinning. In our experiments, PLGA-graphene 
concentrations of 1.5 wt. % and higher could promote continuous fiber production and 
considered as the spinable region 
[26, 58]
 in the Figure 6c.  
Determination of the optimal wet-spinning conditions was critical for producing high 
performance and continuous PLGA-graphene composite fibers. Apart from the viscosity of 
the dope, the fiber spinnability was greatly influenced by the choice of coagulation bath. 
Several PLGA non-solvents such as water, ethanol and isopropyl alcohol (IPA) were 
investigated as the coagulation bath. IPA was found to be the most appropriate coagulation 
bath as the coagulation rate enabled continuous wet-spinning. However, the coagulation was 




we have reported previously 
[46, 70, 72]
, the spinning solution is injected from the top and into a 
vertical glass column containing the IPA coagulation bath. As the spinning solution is 
extruded from the spinneret, the coagulation process occurs smoothly after which the gel 
fiber continues to solidify and is stretched by gravity. Finally, PLGA-graphene composite 
fibers are collected continuously from the bottom of the coagulation bath on a spool. 
2.3 Characterisation of PLGA-graphene fibers 
Figures 7 show representative SEM micrographs of a typical PLGA and PLGA-graphene 
composite fiber obtained from wet-spinning of a solution containing the highest loading of 
the graphene (25 wt. %). Both types of fibers had circular cross section with composite fibers 
represented a smoother surface than PLGA fibers due to the presence of graphene 
nanoplatelets in the polymer matrix and the surface of the fibers. As graphene nanoplatelets 
are smooth, the good adhesion of PLGA to the surface of graphene sheets also produces a 
relatively smooth finish on the surface. The cross section image at higher magnification 
indicates a homogeneous incorporation of graphene nanoplatelets in the composite and 
preserving that even after the wet-spinning process. 
The mass fraction of the graphene in the composite fibers was evaluated by 
thermogravimetric analysis (TGA). The corresponding TGA graphs are presented in Figure 
8a. The measured loadings obtained from TGA are listed in Table S2 and compared with the 
estimated loadings calculated from the initial spinning solution. The results showed a very 
good agreement between the estimated fractions of graphene in the fibers with the actual 
values measured from the TGA graphs. It is worth noting that the highest possible loading of 
graphene in the composite fibers was limited to 24.3 wt. %, beyond which wet spinning was 
not possible due to decreased viscosity of the spinning dope (Figure 6c). 
Despite the ability of PLGA to mimic natural ECMs, the clinical application of pure PLGA is 






. PLGA reinforced with graphene may help overcome this limitation
[44]
. The 
mechanical properties of PLGA-graphene fibers were evaluated using stress-strain tests 
(Figure 8b). Modification of PLGA with graphene resulted in a significant enhancement in 
the tensile modulus and ultimate stress of the composite fibers. At the highest loading of 
graphene (24.3 wt. %), the Young’s modulus and tensile strength increased significantly up to 
13.6 ± 1.3 GPa and 103 MPa, (647- and 59-folds) respectively (Table S3). Table 1 compares 
the mechanical properties of the PLGA composite fibers with PLGA-based nanocarbon 
composites in previously published reports (in the form of either films or fibers). The 
ultimate strength, reported here, was much higher than those reported for PLGA composite 
with solvent exfoliated graphene 
[73]
, graphene oxide 
[41-46]





 and carbon nanofibers 
[76]
. Our average modulus was also considerably 
higher than all of them. The significant improvement in the mechanical properties may be 
attributed to the strong interfacial interactions between graphene flakes and the polymer 
matrix due to the bonding between the functional groups on the edges of graphene sheets and 
the hydroxyl groups of the PLGA matrix. Furthermore, the homogeneous incorporation of 
graphene flakes in the composite fibers provides us with a unique platform to accommodate a 
layer of PLGA in between graphene sheets resulting in an overall enhancement in the 
exploitation of the extraordinary mechanical properties of the graphene. Also, the 
introduction of the polymer layer between graphene sheets prevents the restacking of the 
sheets, further enhancing the mechanical properties of the hybrid fibers. In addition, our 
results show that it was possible to tune the mechanical properties of the composite fibers by 
simply controlling the loading of the graphene. Moreover, when graphene was introduced as 
filler, the strain of the fibers decreased due to the contribution of the graphene in the load 
bearing. In the case of PLGA fibers, this is an advantage as the PLGA fibers are too soft and 








 by the 
addition of conducting filler such as graphene is challenging due to the fact that the PLGA 
coating on the graphene flakes can result in enhanced contact resistance between the adjacent 
sheets, which can adversely affect the charge transfer across the polymer matrix. In our 
experiments, the addition of graphene to the PLGA fibers at loadings of 9.2 wt. % and less 
could not provide considerable conductivity. However, the higher loadings resulted in 
achieving significant improvement in the conductivity reaching at a maximum of 150±16 S/m 
at 24.3 wt. %. Comparing the conductivity of the composite fibers produced here with other 
PLGA-based composites available in the literature (Table 1) shows that we achieved a much 
higher conductivity compared to any PLGA-based composites either in the form of fibers or 
films. The majority of the PLGA-graphene composites fabrication has focused only on 
enhancing the mechanical properties 
[41-46, 73, 74, 78, 79]
; while the conductivity that was obtained 
for other types of conducting fillers such as carbon nanofibers and carbon nanotubes resulted 
in conductivity range of more than 2 orders of magnitude lower than the conductivity we 
reported here 
[75-77, 80]
. This high conductivity was due to the employed high concentration of 
defect-free graphene filler. High concentration of graphene supported higher loading of 
graphene in the composite fibers, which assured achieving the percolation threshold to 
facilitate the charge transfer among graphene sheets. It should be note that, the electrical 
conductivity of a cast film made from the spinning solution was lower than the wet-spun 
fibers, 103±9 S/m vs 150±16 S/m, respectively, this may be attributed to alignment of 
graphene sheets along the fiber axis during the spinning process (table 1). 
The electrochemical performance of PLGA-graphene fibers in aqueous media is crucial to 
realize their application in the biomedical fields such as in cell stimulation
[15]




, etc. The electrochemical performance of the composite fiber was tested 




typical cyclic voltammograms (CV) obtained from a PLGA-graphene fiber in an aqueous 
solution of NaNO3 (0.1 M) and potassium ferrocyanide (K4Fe(CN)6 , 0.01 M) at scan rates of 
1, 10, 25, and 50 mV/s. A pair of well-defined, quasi-reversible redox peaks were observed 
for the composite fiber. The anodic peak potential (Epa) and cathodic peak potential (Epc) 





 in potassium ferrocyanide. The anodic and cathodic potential peak 
positions were shifted toward the positive and negative directions upon increasing the scan 
rates, respectively. The peak current showed linear dependence with the square root of the 
scan rate in the range of 1 to 50 mV/s (Figure S5), indicating the occurrence of surface 
confined processes at the fiber electrode. Although the peak-to-peak (ΔEp) separation for an 
ideal redox reaction should be 59 mV, here the ΔEp was in the range of 100 to 400 mV over 
the scan rate range 1 to 50 mV/s, respectively. This was in the same range of previously 
reported poly(lactic acid)/carbon nanotube fibers which was supported by ITO 
[81]
. It is 
pertinent to mention that the performance of the fibers in an organic solvent, through the 
oxidation and reduction of ferrocene (C10H10Fe), showed ΔEp of as low as 70 mV (Figure S6) 
demonstrating close to an ideal electron transfer between the fibers and the electrolyte.  
2.4  Cytocompatibility of the PLGA-graphene fibers 
In order to demonstrate the cytotoxicity of PLGA-graphene fibers, live/dead staining was 
carried out against C2C12 myoblast cells cultured on the uncoated fiber surface. Figures 9 a 
and b show the results of calcein AM and propidium iodide (PI) staining of C2C12 cells on 
the PLGA-graphene fibers after 72 h in culture. The green fluorescence (calcein positive) 
reveals metabolically active myoblasts that adhered to the fibers’ surface.These cells can 
clearly be seen to attach and elongate along the longitudinal direction of the fiber.  Cells 




few dead cells (PI positive, red spots) were detected in this study indicating the 
cytocompatibility of the PLGA-graphene fiber material. 
 Cryo-SEM images of the fibers (Figure 9 c and d) also confirmed C2C12 attachment and 
growth in direct contact with PLGA-graphene fibers (areas marked with white arrows in 
Figure 9 c). Figure 9 c and d illustrates the adhesion of myoblast cells on the PLGA and 
graphene platelets surfaces. The grooved surface morphology evident in these images may 
indicate the reason for the directional alignment of the C2C12 cells observed along the 
longitudinal fiber direction. Generally, attachment and growth of C2C12 cells in direct 
contact with PLGA-graphene fibers demonstrated the compatibility of PLGA-graphene fibers 
and C2C12 cells.   
2.5 Proliferation rate of C2C12 cells on fibers 
Graphene fibers were mounted side by side on glass slides. C2C12 cells were then seeded on 
top of the fibers. A PicoGreen assay to determine the increase in cell number over 72 h 
(Figure 10). The results showed that cellular growth increased over first 48 h in culture on the 
fibers followed by a steady trend until 72 h however; there was no significant difference in 
cellular growth between fibers and the control after 24 h. The static cell number between 48 
and 72h is most likely due to contact inhibition as the cells become confluent on the surfaces 
(Figure 9a and 9b) and cease proliferation. Cell proliferation on the fibers confirms C2C12 
cell affinity to the PLGA-graphene fibers, and its suitability as a biocompatible, cell 
supportive substrate.  
3. Conclusion 
Natural tissues are 3-dimensional (3D) composite materials with specific topological and 
chemical properties that are crucial for their function. The produced PLGA-graphene fibers 
took advantages of both biomimetic properties of PLGA and superior mechanical, electrical 




The composite production method using graphene and PLGA, reported here as a model 
system, can be considered as a universal guideline to produce highly conducting 
biocompatible 3D structures using solvent exfoliated graphene and variety of biopolymers. 
The use of such fibers in vivo would require more rigorous functional and stability testing, 
though the degradation rates are tunable by controlling the ratio of PLA to PLGA in the 
formulation. The degradation products of the composite have also previously been shown to 
be non-toxic and able to be cleared from the body, therefore the use of these fibers provide a 
novel route to the production of a conducting ECM. The findings presented here are 
fundamental in nature with wide spread technological implications to produce biomimetic 
multifunctional scaffolds. 
4. Experimental Methods  
Solvent exfoliation of graphene: Dry expandable graphite flakes (3772, Asbury Graphite 
Mills USA) were expanded at 1050 °C for 15 seconds 
[55-57, 82, 83]
. 150 mg of resultant 
expanded graphite (EG) was added to 15 ml of CHP to make up a concentration of 10 mg/ml. 
This concentration was chosen because making higher concentrations of EG in solvent was 
not possible, due to high volume of the EG (~300 times higher volume than graphite). The 
dispersions were then sonicated in a bath sonicator (Branson B2500R-MTH) between 2 to 96 
h. Centrifugation (Eppendorf centrifuge 5415D) was performed at 1000 rpm for 45 min. 
Two-thirds of the supernatant was taken and retained for further characterisations. 
Preparation of the spinning solutions: A series of spinning solutions of PLGA in CHP (10 
mg/ml to 50 mg/ml) was prepared by dissolving the required amount of PLGA in CHP and 
stirring overnight. Similarly for the composite formulations, various concentrations of PLGA 
(10 mg/ml to 50 mg/ml) were dissolved in the graphene/CHP dispersion (5 mg/ml). With this 




 Fabrication methods: Wet-spinning was carried out at room temperature using isopropanol 
as a coagulation bath in a vertical set-up as we have described previously (Figure S6) 
[70, 84, 85]
. 
This technique is suitable for spinning solutions that coagulate slowly. In this arrangement, 
the PLGA-graphene spinning solutions were injected from the top (flow rates between 1 to 2 
ml/h) into a vertical glass column containing the coagulation bath. As the spinning solution 
exited the spinneret the coagulation process occurred gently after which it continued to 
solidify and be stretched by gravity. The fibers were collected by winding onto a spool at 
~1m/min; the collection speed was set to maintain the balance between fiber production and 
collection speed without applying any stretch to the fibers. Finally, fibers were washed 
several times using ethanol and water to remove remaining CHP, followed by vacuum oven 
drying overnight. Concentration that resulted in short fibers considered as the boundary for 
non-spinable dispersion, on the other hand, region that afforded continuous spinning and 
collecting fundamentally unlimited length of fibers marked as spinnable. 
Characterisation of graphene dispersion: Absorbance measurements of EG in CHP 
dispersions were carried out using an UV-Vis spectrometer (Shimadzu, UV-3600 UV-VIS-
NIR) at 660 nm and applying the Beer–Lambert law to measure the concentration of 
dispersed graphene 
[54, 86]
. Samples for transmission electron microscopy (TEM) were 
examined using a JEOL JEM-2200FS TEM. Raman spectra were recorded on a Jobin Yvon 
Horiba 158 HR800 Raman microscope using a 632 nm laser line and a 300-line grating to 
achieve a resolution of ± 1.25 1/cm from 1000 1/cm to 3000 1/cm. Viscosity measurements 
of PLGA-graphene composite formulations in CHP were investigated in a rheometer (AR-G2 
TA Instruments) with a conical shaped spindle (angle: 2°, diameter: 60 mm) at shear rates 
between 0.01 to 100 using logarithmic steps (total 200 points).  
Characterisation of PLGA-graphene fibers: The mechanical properties of the fibers were 




fibers was measured using an optical microscope. In order to hold the fibers, they were 
mounted on aperture cards (1.0 cm length window), then fixed using commercial superglue 
and allowed to air dry. Young’s modulus (Y), tensile strength (σ) and breaking strain (ε) were 
calculated, and the mean and standard deviation reported (n = 10). In order to determine the 
ratio of graphene to PLGA in the composite fibers, the fibers with different graphene contents 
were wet-spun and cut into smaller pieces when they were dry. Small pieces of graphene 
papers and PLGA fibers were used as controls. Samples were heated in air from room 
temperature up to 700 
o
C at 1 °C/min. The electrical conductivity of the fibers was measured 
using a linear four-point probe conductivity cell with uniform 2.3 mm spacing between 
probes. Each fiber was connected to the electrodes using silver paint. A galvanostat current 
source (Princeton Applied research Model ED402) and digital multimeter (HP Agilent 
34401A) were used to apply currents of 1, 10, 50, 100 and 1000 μA to the fibers and measure 
the corresponding voltage. The electrical conductivity of each fiber was calculated from the 
IV curve and fiber diameter (under laboratory humidity and temperature conditions). A 3-
electrode cell was used to characterize the electrochemical behavior of the PLGA-graphene 
fibers. A potentiostat (CH Instruments, Inc) was utilized for cyclic voltammetry. A three-
electrode cell was used where the composite fiber was the working electrode, Ag/AgCl 
(aqueous) or Ag/AgNO3 (organic) was the reference electrodes and a platinum mesh was the 
auxiliary electrode. All cyclic voltammetric tests were performed in NaNO3 (0.1 M) and 
Potassium ferrocyanide (K4Fe(CN)6, 0.01 M) in water and TBAP (0.1 M) and ferrocene 
(C10H10Fe, 0.01 M) in acetonitrile. 
In vitro cell studies: Cells preparation: Skeletal muscle myoblast (C2C12) cell lines, were 
originally sourced from the ATCC (American Type Culture Collection) and cultured in 
DMEM (Dulbecco's Modified Eagle's Medium, Invitrogen, Sydney, Australia) containing 4 




Victoria. Primary myoblasts were cultured in Hams F10 (Sigma, Sydney, Australia) 
containing 20 % (FBS), 2 mM L-glutamine, 2.5 ng/ml bFGF (Peprotech) and used for 
experimentation. 1 % (v/v) antibiotics (penicillin/streptomycin (Pen/Strep)) were added to 
culture media for cell growth on the fibers. Cells were cultured at 37 °C in a humidified, 5 % 
CO2 atmosphere and were subcultured twice weekly when they approximately reached to 
90 % confluence. 
Non-fluorescent acetomethoxy derivate of calcein (Calcein AM) staining and cryo SEM 
imaging of cells on PLGA-graphene fibers: Stock solution of 1.0 mM calcein AM 
(Invitrogen) in DMSO and 1 mg/ml propidium iodide (PI) in water were prepared. A 
concentration of 5.0 μM calcein AM in cell growth media was added to cells followed by 
incubation for 15 min in cell culture environment (37 
o
C, 5% CO2). 1 µg/ml of PI was added 
to culture media during the last 5 min of incubation. Images were captured using an 
AxioImager fluorescent microscope (Zeiss) with AxioVision software. Live and dead cells 
stain bright fluorescents green and red respectively. For cryo-SEM imaging, cells were fixed 
by 3.7 % paraformaldehyde (PFA) for 10 min at room temperature. Then, they were washed 
and kept in PBS for imaging using a JSM-6490LV SEM. 
PicoGreen cell viability assay: Sterilised PLGA-graphene fibers were placed on glass slides 
in parallel followed by gluing 4-well chamber on top of them with silicon glue. Cells were 
seeded at 15 × 10
2
 cells/cm2 and allowed to grow for 72 h at 37 °C in a humidified 5% CO2 
environment. After the incubation period, the growth medium was removed and cells washed 
3 times with PBS to remove non-adherent cells. Remaining cells were lysed by the addition 
100 μL of 0.1% (w/v) Triton X-100 in Tris-EDTA buffer per well, followed by a freeze/thaw 
cycle (-80 °C/37 °C). Cell lysate was then collected and transferred to fresh 96 well plates 
along with cell number standards prepared by the same method. Lysate was then incubated 




15 min, and the fluorescent signal was read utilising a FluoStar Omega with an excitation of 
480 nm and an emission of 520 nm. The fluorescent signal obtained was converted to cell 
number based on cell number standards. Statistical differences were assessed using ANOVA 
t-test, with a 95% confidence level. 
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Figure1. a) SEM micrograph of EG showing open pores and very thin graphite layers. b) EG 
dispersions in different solvents after 8 hr sonication and overnight resting. c-f) Optical 
microscopy images of dispersed graphene in various solvents, (c) DMF, (d) NMP, (e) CHP 






Figure 2. a) Raman spectra of Graphite and EG recorded at 630nm laser line. They are scaled 
to have similar height of the G band at ~1582 cm
-1
. b) Over-laid XRD patterns of GIC and 
EG. c) The XPS survey of the EG and its corresponding deconvolution as follow: carbon-






Figure 3. TEM micrographs of graphene flakes dispersed in CHP and the corresponding 
electron diffractions patterns. Images a and b (i and ii) appear to be monolayers whereas c 
and d (i and ii) are multilayer graphene. Images a and b (iii) illustrate the electron diffraction 







Figure 4. a) Raman spectra of graphene and EG recorded at 630nm laser line. Deconvolution 
of the 2D band of (b) the EG showing the 2D can be deconvoluted to 2D1 and 2D2, while (c) 






Figure 5. Graphene concentration as a function of sonication time. All samples were 
centrifuged at 1000 rpm for 45 min after the allocated sonication time. The concentration 






Figure 6. Viscosity vs. shear rate of solutions as a function of PLGA concentration. The mass 
percentage of PLGA in each solution indicated next to the corresponding graph in pictures (a) 
and (b). a) PLGA-only solutions. b) PLGA-graphene solutions with graphene at 0.5 wt. %. c) 
Comparison of the viscosity of PLGA and PLGA-graphene solutions (containing 0.5 wt. % 
graphene) as a function of PLGA loading in solution at 100 Pa s shear rate since, the curves 
became plateau up to this shear rate. Viscosities that resulted in production of short fibers 
were considered as non-spinable dispersions, on the other hand, region that afforded 







Figure 7. a-d) SEM images comparing the surface of PLGA and graphene-PLGA composite 
fibers (25 wt%) at low (left) and high (right) magnifications. a-b) Surface of PLGA fiber, c-d) 
Surface of PLGA-graphene fiber. e- f) SEM micrographs of cross section of PLGA-graphene 





Table 1. Comparing the mechanical performance and electrical conductivity with PLGA-
based nanocarbon composites in selected significant published reports and this study 
Filler 
















































Mechanical properties Films 
Not 
reported 






















































































































































































Figure 8. Characterization of PLGA-graphene fibers. a) TGA analysis of the composite 
fibers. The measured percentage of graphene in each composite fiber was obtained from TGA 
trace at 500 °C as indicated on the graph. b) Stress-strain curves of PLGA-graphene 
composite fibers as a function of graphene content. c) Conductivity measurement of the 
PLGA-graphene fibers as a function of graphene content. d) Evaluation of the electron 
transfer performance of the PLGA-graphene fibers electrode (24.3 wt. % of graphene) 
through the Ferrocyanide/Ferricyanide redox reaction. Cyclic voltammograms (CV) are 
obtained with 0.1 M sodium nitrate (NaNO3) and 0.01 M potassium ferrocyanide 






Figure 9. C2C12 cells culture on PLGA-graphene fibers in different magnifications after 72 h 
in growth media. a and b) calcein AM and propidium iodide (PI) stained cells (green and red 
spots present live and dead cells respectively). c and d) Cryo-SEM images of the cells on the 
fibers. The white arrows in image c and d illustrate the attachment and spread of C2C12 cells 






Figure 10. PicoGreen assay on C2C12 myoblast cells on PLGA-graphene fibers and glass 
slide within 72 h. The stars represent 95 % significant confidence level (p* < 0.05) in 






Addition of defect free solvent exfoliated graphene to PLGA enhances mechanical and 
electrical properties of the wet-spun biofibers, while not being detrimental to the inherent 
biocompatibility response of the biopolymer. These multifunctional biofiber architectures 
present all of the requirements for bionic applications such as high electrical conductivity, 
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